The standard model [1, 2, 3] introduces the V -A form of the charged leptonic weak interaction by construction. It has been shown recently that V -A follows from a small set of experiments [4] . We will present the corresponding methods and discuss the room left open by the experimental errors for interactions other than V-A. For muons, all of these experiments have been performed.
The most general, derivative-free, lepton-number conserving four-fermion interaction [5] contains ten complex coupling constants which represent nineteen free parameters to be determined by experiment. Based on fields with definite chiralities and using the freedom of the Fierz transformations, a set of coupling constants may be chosen such that the V -A interaction corresponds to one single constant only [6, 7] . The experimental proof of V -A then consists in the construction of measurable quantities which evaluate the remaining eighteen constants to be zero [4] . To achieve this, use is made of the general fact (pointed out in Ref. [8] ) that a null-result for a sum of positive semi-definite terms requires each term to be zero.
For the muon decay interaction, the ten complex planes of H lepton-number conservation is not assumed, other decays like IJ -+ e"Y become
possible, which open windows to new physics. Experiments looking for such forbidden decays have been driven to a level of [10] [11] [12] [13] for the muon and 10-5 for the tau (see reviews [9] and [10] , respectively). The lepton-number non-conserving fourfermion interaction has been studied in detail [11, 12] . The authors of Ref. [12] arrive at the interesting result that it is not possible, even in principle, to test lepton-number conservation in muon decay if the final neutrinos are massless and are not observed.
In this review we wish to present examples of typical thoughts which inspired experiments and their analysis and which led to the present knowledge of the Lorentz structure of the charged leptonic weak interaction.
Since there exist complete reviews on experimental results [13] , on the future of muon physics in general [14] , with emphasis on rare and forbidden processes [9] , on theoretical [15, 16, 17] and historical [18] aspects, we allow ourselves to be complementary rather than to aim at completeness.
Muon Decay

Hamiltonian
The three leptonic decays p+ -+ iiJ.'e+lI e , T+ ....... ii T IJ+ll p and T+ -+ V'Te+ve, as well as their charge conjugate decays, can be described by the most general, local, derivative-free and lepton-number conserving four-fermion point interaction Hamiltonian. The point interaction permits one to use equivalent Hamiltonians which differ in the way the fermions are grouped together [5, 19] . The older literature preferred a "charge retention" form with parity-odd and parity-even terms in which e+ and jJ+ as the usually detected particles were grouped together [20, 15] . This had the advantage that limits to some single coupling constants could be obtained from then existing experimental results. The disadvantage was that this (charge retention) Hamiltonian represented interactions proceeding via the exchange of a neutral boson X which would carry the lepton numbers both of muon and electron and would thus not be universal. The use of a "charge changing" form, where the charged leptons are grouped with their neutrino and which is adapted to a charged boson exchange, resulted in absolute values of differences of coupling constants. Both forms mentioned above are in addition complicated by the fact that a fully parity-violating interaction like e.g. the V -A interaction is represented by four coupling constants Cy , C{" C A and C~.
In the following we will use a charge-changjng Hamiltonian characterized by fields of definite handedness [6, 7] . The matrix element for jJ decay may be denoted as [4, 21] uniquely determined for given "y, e and p,. In this picture, the coupling constants g~~ have a simple physical interpretation: n'Ylg~1£12 is equal to the (relative) probability for a p,-handed muon to decay into an e-handed electron by the interaction ~; the factors ns = 1/4, ny = 1 and nT = 3 take care of the proper normalization. The standard model thus corresponds to 9fL = 1, all other couplings being zero. For leptonic T decays, p, should be substituted by T and e by p or e.
Observables
Electron Decay Distribution
In the following we give the distribution of electrons from polarized muons including the effects of the electron mass; the generalization to leptonic T decays is obvious. We consider the decay p,+ -+ iil£e+V e and its charge conjugate p,--+ vl£e-ii e • In the case of double signs the upper sign refers to p+, the lower to 1J-decay. The kinematical range of the electron energy E e is given by 2 with Xo = me/W,.,.e' We note that Xo is small for muon decay (xo = 9.67 x and for the electronic T decay (xo =0.29 x 10-3 ), but it is not small for the muonic T decay Xo = 59.2 X 10-3 ).
The differential decay probability for an e± with reduced energy between x and x +dx, emitted at an angle between iJ and {J + dfJ with respect to the muon's polarization P,.,., and having its spin pointing into the direction of the arbitrary unit vector' (see Fig. 2 Here k e is the momentum vector of the electron, while P L designates the longitudinal polarization, P T1 the transverse component of Pe lying in the plane defined by k e and p,.,., and P T2 the component perpendicular to that plane. PT 2 =1= 0 signals violation of time reversal symmetry. These polarization components are
The functions F"(x) shall be decomposed as (2.10) where G,,(x) =0 for grL = 1 ("V -A"). Physics beyond the standard model would thus be contained exclusively in the Gv(x). The index v stands for IS (isotropic part of energy spectrum), AS (anisotropic part of energy spectrum), T 1 (transverse polarization PT1)' T 2 (transverse polarization PT2)' I P (isotropic part of longitudinal polarization) and AP (anisotropic part of longitudinal polarization).
The F;-A do not depend on specific decay parameters:
(2.12)
The functions Gv(x) depend on the decay parameters (g, e", e', e, S, TJ, ,/', a'/A, Isotropic part spectrum IS
Transverse electron
Electron Neutrino Energy Distribution
It has recently been realized that present experiments which detect the V e from the decay of unpolarized p,+ by the reaction 12C(v e , e-)l2N(g.s.) not only determine the neutrino absorption cross section but also measure the V e energy spectrum [22] . The energy spectrum can be described by spectrum shape parameters WL and 1/L for left-handed and WR and 1JR for right-handed v e • In contrast to the energy spectrum of the electrons it allows a new null-test of the standard model [22] (see Sect. 2.4.6). The right-handed V e cannot be detected as they are sterile in matter. For the energy spectrum of the left-handed V e one obtains [23] 
Here drL/dy is the probability of a left-handed lie to be emitted with the reduced energy y = 2E /m The probability Q't of the lie to be left-handed, the spectral II w shape parameter WL and the low energy parameter TJL are [23] Qill -~lgfu, 12 namely Qill = 1-QIi which is a measure of the total rate and therefore of the lie polarization, and WL which describes the shape of the spectrum. The probability Q't can be determined from the total absorption rate, if the absolute absorption cross section q A is known with sufficient precision.
Inverse Muon Decay
The reaction lI~e--+ p-lI e , usually called inverse muon decay, shall be governed by the same Hamiltonian as (normal) muon decay. Its measurement will, in contrast to normal muon decay, allow to separate giL from grL and thus to complete the experimental proof of V-A.
The normalized total cross section S is obtained by integrating over the electron energy and the energy spectrum of the incoming v", and by dividing by the theoretical value for a pure V -A interaction [24] . S has been calculated for the general decay interaction [25, 7] . In terms of our coupling constants it is given by [26] (2.30)
where PII II is the longitudinal polarization of the incoming II",. The quantities SR and SL are the normalized cross sections for right-respectively left-handed II",:
We will see that the longitudinal polarization fiJ"lI of the V p from 1r+ decay is close to -1 within 3.2 x 10-3 [27, 28] so that the couplings in SR cannot contribute to S. We will further see that normal muon decay places stringent limits on all the couplings in SL except on 9KL' Therefore S just measures 19rL1 2 . This has made it possible to derive a lower limit for Ig[LI for the first time and thus to establish V -A as the dominant interaction in muon decay [4] .
Radiative Muon Decays
Radiative muon decay, p+ --.. v",e+lI e 1, is treated in detail in Ref. [29] . The electron and ganuna spectra depend on the decay parameters (! and 8 as well as on the two new combinations fj and e· K [30] :
The parameter ij, in particular, is positive semidefinite and zero in the standard model. It can be expressed by a sum of absolute squares of combinations of coupling constants:
. (2.35) This allows one to get upper limits for each term separately.
It is also worthwhile to mention the decay p,+ --.. ii p e+lI e e+e-which has been calculated recently in terms of the most general decay interaction (Eq. 2.1) [31] . The decay distribution depends on the probabilities Q~p and on the bilinear quan- [20] by the intermediate quantities (a, a', a, a', b, b', 13, (3', c, c') , whose values are known from experiment [32] . They are all real, bilinear combinations of the coupling constants:
c' -
From Eqs. 2.36-2.45 it can be seen that these quantities are not completely independent. The transformation from the 20-dimensional space of the g~P to the lO-dimensional space of the {a, ..., c'} leads to the following six constraints [32] :
(2.49)
These constraints are very important for any general analysis of muon decay, since they strongly influence the final errors of the quantities they relate. f." -7/3 3 1 650 ±360 [34] e -3 3 1 1004.5 ± 8.6 [35, 36] p:e 748.6 ± 3.8 [28] e'
ec/e The decay parameters are given by (2.56) e" -1(3a +4b -14c) ( which are not all independent, are given in Table 2 .2.
Complete Determination of the Lorentz Structure
The precise measurement of individual decay parameters alone generally does not give conclusive information about the decay interaction due to the many different couplings and the interference terms between them. An example is the famous Michael parameter e. A precise measurement yielding the V-A value of 3/4 by no means establishes the V-A interaction. In fact any interaction consisting of an arbitrary combination of giL' giR' gfu" g~, g~ and grL will yield exactly e=~ [41] . This can be seen if we write e in the form [42] e-~ = -~ {lgrRl 2 
The existing measurements show that the three quantities QRR, QLR and QRL are zero, within errors. This gives upper limits to the absolute values of eight of the ten complex coupling constants g'1l£. Furthermore we find that QLL is bounded by a lower limit which confirms that both muon and electron are left-handed. It can be seen from Eq. 2.65, however, that the data from the measurements of the p, and the e do not allow one to distinguish vector (grL) from scalar (giL)
interaction. This type of ambiguity has been noted before in the context of a different Hamiltonian [8] , and electron -neutrino correlation measurements (not performed up to date) have been proposed. It has been shown that one can resolve this ambiguity also with the information from inverse muon decay [4] . The total rate S, normalized to the rate predicted by V -A, for the reaction lip +e--. p,-+lie with lip of negative helicity has been found to be close to 1 [39, 40] . S depends effectively only on those five coupling constants grL' g~, gfR' grR and gfm which describe interactions with left-handed IIIl" The fOUf latter ones are found to be small. One thus obtains [4] (2.70) which yields a lower limit for IgILI, and through the normalization requirement Eq. 2.61 an upper limit for the remaining IglLI:
Thus the weak interaction has been completely determined for muon decay using only data from this purely leptonic interaction. The results are shown in Fig. 2.2 where each of the ten complex normalized coupling constants g~ = g~p/ max(lg'1l£l) is given within one of the squares defined uniquely by the handednesses of the electron and the muon and by the type of interaction. The outer circles display the mathematical limits for the gr:1£ in the complex plane, while the inner circles for nine of the g~ show the areas still allowed by experiments (90% c.l.). For g~, which has been chosen to be real, one gets the small line close to g~ = 1 in agreement with the standard model. scribing the decay p,+ -+ i/pe+v e (From Ref. [26] . Updated limits from [28, 40] It has been shown in the previous section that a limited amount of measurements allows one to completely determine the Lorentz structure of the interaction. This has been possible because the quantities Qe,s are positive semidefinite forms of the coupling co~stants gi,s' and because they can be expressed by experimental results. By summing over the first or over the second index one obtains the probabilities Q'R. and Q R for the muon and for the electron, respectively, to be right-handed [26] :
Thus Q'R depends on the two asymmetry parameters eand S which contain the information of how much right-handed the muon can be, while Q~ depends exclusively on the average electron polarization e' .
One can also derive the probabilities Qift and Q';r for the v e and IIIJ to be righthanded [23] . In this connection we note that we strictly keep apart the concepts of chirality as a transformation property of the fermion spinors and of helicity as the spin projection of a pure particle state onto the direction of motion. Thus for V -A (grL = 1) both iilJ and lie are left-handed, but of opposite helicity. The quantities Q~ and Q'if can be obtained by remembering that scalar and tensor interactions change the chirality of a fermion at the vertex while vector interactions conserve it:
where Pii e and Pv~ denote the longitudinal polarizations of the neutrinos. To determine the interaction it is sufficient that three of the QR are measured and found to be zero, within errors. This amounts to measuring the polarization of at least one of the neutrinos precisely, as has been proposed for PVe which can be deduced from a measurement of the total rate of absorption of the lie on 12C (see Sect. 2.2.2). An alternative to measuring the polarization of the neutrinos from p, decay is to induce inverse muon decay with VIJ from 1r+ decay [39, 40] whose polarization is precisely known [27] (see Sect. 2.3.2). We conclude that only five of nineteen possible measurements are necessary to completely determine the (V -A) interaction:
(1) Muon lifetime which yields the magnitude (2,3) Asymmetry parameters eand 8 which yield the muon chirality (4) Electron longitudinal polarization which yields the electron chirality, and (5) Inverse muon decay with VJL of known helicity or rate of absorption of Ve from muon decay.
Measurements
Lifetime
The total rate r of muon decay exhibits the strength G F which is generally assumed to be universal for the charged weak interaction: where TJ = 0 has been assumed. The present uncertainty due to the term 477rne/rnp. is 20 times larger. As seen from '7 = iRe {grLg~ +g~fL +grR(g~ +6g~;J +g~(gfR +6gIR)} (2.77) a right-handed scalar interaction (Re g~ :F 0) would cause "l =F 0 in first order.
Electron Energy Spectrum
The continuous electron energy spectrum shows tha.t the muon decays into three light particles (at least). The electrons with high energies are most probable. This reflects the fact that the two unobserved neutral particles are emitted preferentially in the same direction, and suggests that they are not identical fermions [52] . The existence of the reaction ("inverse muon decay" [24, 39, 40] )
and of the chain [54] p+ -+ e+ +neutral (1) +neutral (2) neutral (1) + n -+ e-+X confirms that neutral(1) is lie and neutral (2) is ;;~. The identity of the neutrinos in muon decay with those in pion or in nuclear beta decay has been studied in Refs. [12, 55] .
The electron energy spectrum derived from Eq. 2.1 for the decay of unpolarized muons (p~ = 0) recorded by a spectrometer insensitive to electron polarization « '" >= 0) is given by Eq. 2.4: (2.78) Radiative corrections are sizeable and have in addition to be included (See Ref. [15] ,[43]-[51]). (! is of influence at the upper end, 11 at the lower end of the spectrum. Precise experimental determinations of 11 from the spectrum shape have been difficult because the sensitivity to "l is diminished by a factor of Xo ~ 10-2 and because it is not entirely possible to suppress all unwanted bremsstrahlung processes in the detector material which tend to populate the low energy region in a way that cannot be precisely predicted.
11 has also been determined from the energy dependence of the transverse polariza.tion PTI (see Eq. 
Electron Decay Asymmetry
The measurement of the electron decay asymmetry A(x) from polarized muons determines how strong the chiral components (L, R) of the muon take part in the interaction. It has been used to search for right-handed currents and other muon decay modes outside the standard model. It depends on the reduced energy z, the angle t? between the muon polarization and the positron momentum, as chosen by the detector, and on the amount of
F1S(x)
depends on the parameters {/, 1], eand e6 (see Eqs. 2.10-2.12, 2.17 and 2.18).
We discuss now the experimental situations in which the parameters 6 and ehave their special influence. The energy XeS where the asymmetry vanishes, A(zeS) = 0, depends on the parameter 6 only. Solving ZeS for 6, we obtain This allows one to determine 6 from an asymmetry measurement as a function of the energy using polarized muons (p", =f 0). The knowledge of the magnitude p", of their polarization is not required.
The distributions of the directions of Hight of the positrons (electrons) as seen by an apparatus which is equally sensitive to positrons of all energies is given by
The integral asymmetry .A' is proportional to p", . eand depends on '7 in first and on 6 in second order of Xo. Neglecting Zo (zo =0) one obtains (2.84) This allows one to determine efrom an experiment using muons of known polarization. In the analysis the knowledge of the values of other muon decay parameters is unimportant.
The special case A(I) = p", . eS/ Il has been the basis of a null-experiment for a model independent precise absolute determination of the muon polarization PP and in turn of the lip polarization, Pv", as well as for a determination of e6/ e· Suppose positive muons from the decay of 1f'+ at rest, 1f'+ ~ P+llp are investigated. The p,+ helicity then is equal to the II" helicity h v ", which is known to be negative. These muons then are polarized with spins opposite to their line of flight with P" = IPv"l· From Eq. 2.80 we find x =p(e+)/p(e+)max The experiment may be interpreted in an entirely model independent way as follows [27] 
The art of the experiment is the design of an apparatus which selects undisturbed muons from pion or kaon decay and which then would yield a result of Au" as close as possible to one. Then PP' IplI,..!, and leS/fll would be constrained between Aezp and one.
Beams of muons with a precisely known relation between the polarization PI-' and PilI" are produced by collecting those muons from pion or bon decay 11"+ --+ P.+1Ip. or K+ ~ P.+1Ip., which .have a unique recoil direction in space. This has been realized in two ways: as "surface muons" [61,62, 63] and as muons from a parallel beam of pions decaying in flight in vacuum [64, 65, 66, 35] .
Surface muons originate from pions (or bons) decaying at rest just below the surface of the hadron production target. The recoil momentum pushes the muons out of this target into the direction opposite to the neutrino line of flight and possibly towards the ion optical beam transport system. The amount of their polarization equals Pp. = G • IPilI" I, where the geometrical factor G is determined by the spread of the corresponding neutrino directions. G is estimated from Coulomb multiple scattering of the muons on their way out of the target. Values of 1-G ~ 10-3 with an uncertainty of roughly half of this size have been reached [60] . A great advantage of the surface muon beams is their small phase space which allows one to use small and thin stopping targets.
Muon beams from pions decaying in flight in vacuum avoid Coulomb multiple scattering. The muon spin lies in the plane of the laboratory lines of flight of the original pion, k 1r , and its decay muon, k", and points inwards (towards k 1r ) for p,+ and outwards for p,-(See Fig. 2.5 ). The transverse and longitudinal muon spin components (T and (L with respect to the muon's laboratory line-of-flight are simply given by (2.90) where the upper (lower) sign applies for the muon emitted with smaller (larger) momentum for the given angle of emission iJp., and where fJ p = laboratory angle between k1f and k" 8 = maximum laboratory angle by kinematics (Jacobian peak angle)
The selection of a small slice of muon energy in the laboratory in the vicinity of the Jacobian peak corresponds to a choice of a small range of neutrino directions and thus of a degree of polarization gJp = G . Pv~. Again, the geometrical factor G, which also has been studied experimentally [66] , is close to one (> 0.99), and it is known with an uncertainty of < 10-3 [35] . 3 ) is proportional to the quantity desired, P p { [35] .
In order to measure the decay asymmetry, the muons are stopped in a metal (Be, AI) immersed in a transverse magnetic field where the spins precess. Detectors follow the muon and the decay positron momenta. The positron intensity shows a time modulation corresponding to the decay asymmetry. It is a favourable circumstance that there exist substances (AI, eu, Ag, Au, bromoform) that barely influence the spin direction of muons which reside inside of them or which they do slow down. tron energy spectrometer with well known resolution (0.15% rros) and acceptance \ has been used [36] . [37] p: .e > 990 x 10-3 (90% c.l.) [37] Since eis not limited close to the measured value of p~ . {, we cannot draw any specific conclusion on p~ and eseparately, contrary to the case of p~eo/e. In fact, -3 < e~ +3, and thus the authors of ref. [35] do not quote an upper limit on p~e. In order to isolate efrom p~e, one has to deduce p~ from the measurement of p~eo/e of ref. [36] . Examples of experimental data from the most simple apparatus ( Fig. 2.5 ) as well as from the most sophisticated one (Fig. 2.4 spin rotates due to the spin's precession
in a weak magnetic field. This generates the oscillation of the time spectrum. The solid line is the result of a best fit to the data. The slow decrease in amplitude (relaxation) is due to internal field,s in Be.
For the fJlte experiments (e.g. Fig. 2 .7 or
Ref. [37] ) it is typical that corrections are 1.4 small. The raw data show an amplitude, which is close to the final experimental result. :::l.
1.4
ceptance of the decay positron [70] . In this expe- The result of Ref. [36] is of importance in several respects:
(1) It constitutes by far the best measurement of the magnitude of a neutrino polarization, in particular of PilI' [27] . (4) The precise value of e6/e gives the strongest constraint for the absence of couplings with both right-handed electrons and muons, g~ and g~. Together with 6 and e, it constrains gtR , I = S, V, T.
(5) The product p#e6/e is of interest in the search for right-handed currents introduced to models which include also the pion (or bon) decay.
For the theoretical significance of the results we refer to Refs. [17, 78, 79, 80, 81] . We restrict ourselves to mentioning two special cases of left-right symmetric models which have been used to interpret experimental results.
Right-handed currents admixed to the interaction change .Ae:z:p, because the decay muon is no more fully polarized (PI' < 1) and because high energy positron emission opposite to the muon spin is no more strictly forbidden (e6/ u< 1, e< 1).
Such a deviation from the standard model may e.g. be due to a right-handed intermediate vector boson W R of mass ~ mR. With the assumption of left-right symmetry, the parity violation of weak interactions at low energies would still be preserved, if mR > mL. We now expect gXR i= 0 dependent on mR, and g~ :f: 0, grR i= 0 dependent on a possible mixing of the states WR and WL. In such a model in which g~ = 9rR and in which all of the scalar and tensor couplings are zero and therefore also c = d = a' = 0 we find (2.91 ) and (2.92) The relations of the coupling constants g:: to the model parameters e =(mL/mR)2 and the W R -WL mixing angle ( are: angle' for the gauge bosons WR and WL [36] . ..
••.
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Longitudinal Electron Polarization
The measurement of the longitudinal polarization PL of the electrons from the decay of polarized or unpolarized muons allows one to determine the parameters e" and e', as can be seen from Eqs. 2.9, 2.10, 2.21 and 2.22. The parameter e' is of special interest. In terms of the coupling constants g~", we have
where Qep. is the probability of the decay of a muon with chirality J.L into an electron with chirality c. Note that Eq. 2.96 is a sum of absolute squares where only coupling constants with e = R appear. A deviation of e' from 1 would require the existence of a coupling with the right-handed components of the electron, i.e. at least one gil", f:. o. Conversely, a measurement with the result e' = 1 proves that the coupling acts exclusively on the left-handed component of the electron.
To determine e', the longitudinal polarization P L of the electrons from unpolarized muons has been measured. For the purpose of illustration, we neglect the electron mass me and use the experimentally well confirmed values e = S = ~ and obtain from Eq. 2.9
e'=PL
The measurement of the electron's longitudinal polarization P L consists of its comparison with the spin polarization of the electrons contained in a piece of saturated ferromagnetic material [86] - [95] , [67] . The comparison is done by scattering the decay electrons from the electrons of a ferromagnet, using the fact that relativistic electron-electron scattering most often occurs when the two spins have opposite directions. See Fig. 2.11 . [96, 97] . [34] nation of the energy of the incoming decay positron and of the polarization sensitivity of the cross section. For both reactions the cross section has the form (2.98) where i stands for (e+e---+ e+e-) or (e+e--+ ii). E 1 and E 2 are the laboratory energies of the final state particles. Pe+ and Pe-are the polarizations to be compared. Since Pe-lies in the plane of the foil, as does the magnetization, the foil is Pe-is determined from the macroscopic gyromagnetic ratio g' of iron as deduced from the angular momentum an iron piece displays when its magnetization is reversed. The electrons in iron may contribute to the magnetization and to the angular momentum with a gyromagnetic ratio 9 = 2, when they are polarized, and with 9 = 1, when they perform an orbital motion. Unpolarized electrons a.t rest contribute to neither of them. For pure iron the Einstein-De Haas effect gives g' = 1.919 ± 0.002 [102] . This result, being not far from the free electron's 9 value shows tha.t most of the magnetization comes from the polarized electrons, namely f =(magnetization due to spin orientation) / (total magnetiza.tion) = where N is the number density of electrons in iron and J. I,B the Bohr magneton.
In order to measure the longitudinal polarization PL(X, t?) also as a function of the angle t? between the muon spin and the electron momentum, polarized muons are stopped in the stopping target of Fig. 2.13 . Due to a vertical magnetic field in the target region, they precess in a horizontal plane. A counter telescope, not shown in Fig. 2.13 , detects their precession phase. From the individual decay times the angle '8 is known for each recorded event.
With the experimental techniques available today and with considerable effort in instrumentation and beamtime, only moderate improvements (factor 3, say) in the polarization results seem possible. The small effective analyzing powers and their absolute calibration are a difficulty.
Transverse Electron Polarization
Transverse electron polarization PT (P T1 , PT2) is defined in Fig. 2.1 . Independent of any assumption about the mechanism of muon decay or even the nature of the two unobserved neutral particles, time reversal invariance (disregarding the negligible final state interactions) requiresPT2 = o. [103, 32] .
Within the four fermion interaction Eq. 2.1 the measurement of PT as a function of energy allows one to determine the parameters 1/ =(0 -2fi)IA, fJ" = (30 + 2(3)1A, 0' and fi' (see Eqs. 2.13, 2.14, 2.19 and 2.20). 1/ is of special interest. Although Tf describes, together with the Michel parameter {!, the shape of the (isotropic) positron energy spectrum, it is practically difficult to deduce its value from a spectrum measurement, since its influence there is suppressed by a factor Xo ~ 10-2 • On the other hand, its value has to be known for a precise determination of {!, since Tf and {! are statistically highly correlated. In Eq. 2.19 for PT1' 11 arises without suppression factor. It is interesting to note that P T1 does not vanish in the standard model interaction, as may be seen from Eq. 2.13, and it may take sizeable values (IPT11 < 1/3) for positron energies E e < few times me'
The parameters 0' and p' determine PT2' Since, by definition, probabilities and polarizations cannot exceed unity, there exist bounds such as Exprs. 2.46-2.51. From 2.49 and 2.50 we deduce
The values of the factors on the r.h.s., as obtained from the precision measurements of e', eel{!, e, e (or (!), are small, except for (b -b'), which is of order A/2 = 8.
At present, both products on the r.h.s. are below the experimental uncertainties of Q, a', f3 and P' whose values are compatible with zero. They vanish, if e' takes the standard model value, {' = 1. The experimental results are displayed in Fig. 2 .14. They are compatible with being independent of the energy between 9.5 MeV and maximum positron energy. The averages over the energy are
The values of a, a', {3, {3' are collected in Table 2 .4. are sensitive to first order in (magnitude and phase of) g~.
The experiment is described in Fig. 2.15 . It also consists of a comparison with the spin polarized electrons in a ferromagnetic foil, using annihilation in flight e+ e---t 'Y'Y. It is based on the fact that the photons from the annihilation of a relativistic and transversely polarized positron electron pair are preferentiall~ emitted in the plane spanned by the particle line of flight qe+ and the bisector b between the (transverse) polarization directions fiT and Pe-· Fig. 2. 14. From Ref. [32] .
The distribution as a function of the azimuthal angle cp between this plane and the actual plane of the two photons is given by (2.103) The polar diagram of this function is indicated in Fig. 2.15 as a "figure of eight". The analysing power AT(E}, E 2 ) as a function of the photon energies E 1 and E 2 takes conveniently high values (up to 0.92), but Pe-is again small. P T is measured by probing the above intensity distribution with the four NaI crystals detecting pairs of gamma rays. Instrumental asymmetries are averaged out by precessing the muon spins in a plane perpendicular to the symmetry axis of the appara.tus.
This causes the bisector bto precess with half of the muon spin rotation frequency.
After a rotation of 180°, however, the situation is identical for the detectors because of the two photons in the final state. Theref<>.re the effect shows again the pSR frequency. In order to make use of the high intensity of the polarized muon beam at SIN (now PSI), the muon precession is synchronized to the arrivals of the muon beam packets. This allows several muons to rotate with parallel spins in the stopping target at the same time.
The average positron direction of flight of the events detected by the nondiagonal NaI pairs is slightly off axis. Therefore the pair coincidence rate shows a small p.8R modulation which marks the precession phase. For two NaI pairs of the same type (left and right or upper and lower pairs) this precession phase is shifted by 180 0 , while for a signal due to a transverse polarization the phases are equal. From this one can deduce both magnitude and phase of P T with respect to the muon spin. The data recorded for each event include information on the time of decay, on the positron's direction of flight and on the energies of the photons
A finite positron transverse polarization would make the positron spins precess rapidly in the magnetic field in the target and tend to destroy itseH. It is the Lorentz contraction of the magnet as seen by the positron which makes the time spent in the field sufficiently short.
2../..6. Electron Neutrino Energy Spectrum
The shape parameter WL of the' energy spectrum of left-handed lie from the decay of unpolarized p,+ is completely analogous to the famous Michel parameter g.
There is an important difference, however: The standard model predicts g = 3/4, but WL = o. This has intriguing consequences: As has been shown in Sect. 2.3.2 a precise measurement of g in agreement with this prediction does not allow to derive any limits on six of the ten complex coupling constants describing muon decay. On the other hand a precise measurement of WL puts upper limits to the coupling constants Ig~l, IgrRI and Igk +2gL,1 [22, 23] .
From an experimental point of view it is exciting to realize that the measurement of WL is a null test of the standard model, comparable to the measurement of P p f,6/ e [36] where one looks for events where none are predicted. For a purely left-handed (or a purely right-handed) interaction angular momentum conservation prohibits events at the maximum lie energy, while for all of the remaining interactions the rate is even enhanced at the spectrum endpoint. This leads to WL > 0 and makes the method very sensitive (see Fig. 2.16 ).
The lie spectrum and therefore the parameter WL can be measured with a neutrino spectrometer of sufficient energy resolution and known energy dependence of the detection efficiency. One possible process is the reaction 12C(lI e , e-)12N(g.s.) The KARMEN collaboration has built such a detector with 56 t liquid scintillator as target [38] . There, 11"+ stop in a beam dump and decay into an unpolarized sample of p.+. The p.+ decay with a mean lifetime of 2.2 ps, and lie a.re converted promptly in the scintillator to e-. The observation of the subsequent fJ+ decay of 12N(g.s.) with a mean lifetime of 15.9 ms, together with the required spatial co- Ref. [22] . E e 25 30 [MeV] 35 incidence, greatly reduces background (see Fig. 2.18 ). The authors assumed the pure V -A law for the decay and obtained the energy dependence of the absorption cross section. They were able to measure the energy E e of the e-with the high precision q(E e }/E e = 11.5%/v'E; (E e in MeV). It has been pointed out recently that one can use the same measurement to derive independently the shape dfL/dy of the neutrino spectrum [22] . There it was shown that the pronounced structure at the spectrum endpoint for W =I 0 can easily be separated from the smoothly varying absorption cross section q A. The sensitivity is further enhanced by the fact that q A rises strongly with energy, so that the region of interest is magnified as with a looking class (see Fig.2 where e:(y) is the relative amount of right-handed V e contributing to the absorption cross section U A. From muon decay one finds that emission is suppressed by the factor Q'ii /Q'L e < 0.087 (90% c.l.), and from nuclear beta decay that absorption is suppressed by e:(y) < 7.4 x 10-3 (90% c.l.) [23] . The total contribution to the value of WL is therefore < 0.6 x 10-3 and can safely be neglected for the presently achievable precision.
The second observable of the neutrino distribution is the probability Q't = 1-Q'] ; of the V e to be left-handed. A measurement of the total rate with an error of < 5% would improve present experimental limits which would lead to improved limits for the coupling IgiLI, which can hardly be detected directly because both neutrinos are right-handed. The measurement of Q'L e , however, does not seem to be feasible at present, mainly because the absorption cross section has to be determined absolutely either by theoretical calculation or by suitable calibration. The experimental error on the rate is presently in the order of 10% [38] and might be improved in a future, dedicated experiment.
iLl. 7. Inverse Muon Decay
Measurements of inverse muon decay (IMD) are difficult to perform because a large V~ laboratory energy Ell,. > 10.93 GeV is transformed to the small c.m. energy ,;s ~ J2rn e E II I' resulting in extremely small cross sections. Thus in the CHARM II experiment [39] with its average neutrino energies of ~ 20 GeV the IMD total cross section is more than 1000 times smaller than the total neutrino cross section on nucleons. The CCFR experiment [40] at the Fermilab Tevatron has used neutrinos with energies up to 600 GeV corresponding to a total energy of 780 MeV in the c.m. system. The three main problems in determining the absolute cross section precisely are, as usual, to identify the good events with wellknown efficiency, to subtract correctly any background and to calibrate the neu- Ref. [39] . ta and muon emission angles. Thus the trigger condition is given by single muons emitted nearly in forward direction and with negligible hadron energy. Although the background shapes cannot be reliably predicted, they should be equal for 11 Background comes from a broad continuum of quasi-elastic processes (QEP, charged current events on nuclei). The signal can be seen clearly as a narrow peak on the PI distribution over a huge broad background of QEP events (see Fig. 2.19 ). Since there is no IMD for lip on e-one uses the background for antineutrinos, properly solid line represents the expected distribution. From Ref. [39] .
normalized, for background subtraction at small momentum transfer. The resulting IMD Pi distribution agrees well with the expected distribution (see Fig. 2.20 ).
For the CHARM II experiment the systematic error on the detection of the events is 4% and equal to the statistical error. The error on the total neutrino ft.ux and therefore on the overall normalization is 5%. After subtracting radiative corrections, adding the errors in quadrature and dividing by the Born term of the standard model prediction they obtain S = (1054 ± 79) x 10-3 [39] The result of the CCFR measurement, obtained at higher neutrino energies, is S = (981 ± 49 stat • ± 30 syst .) x 10-3 [40] These results tell how strongly left-handed VIJ react with e-and complete the informations from normal muon decay. They have enabled the first experimental confirmation of the assumptions of the standard model for muon decay [4] .
Radiative Muon Decays
The measurement of the parameter ij in the radiative decay, p,+ --+ vlJe+v e '1, is of interest because it gives upper limits on Ig~/, /9rRI, IgfR+29iRI and 19t,+29kr.l·
The branching ratio for this process, however,is only 1.4%, and a measurement has been performed as a by-product of searching for the process p, --+ e'1 [29, 105] .
There e+ and '1 with energies > 25 MeV and at an angle of 180 0 were detected in coincidence. The decays of 6 x 10 11 p,+ resulted in the detection of only about 7500 events which yielded the value of ij = -0.014 ± 0.090. We conclude that although an improved measurement of ij is desirable, it seems to be rather difficult to reach a. precision of, say, 0.01 which is necessary to be competitive with standard muon decay experiments. The measurement of the decay p,+ --. iipe+vee+e-similarly is a by-product of the search for the decay p, --+ 3e [31] . This experiment has verified the theoretically predicted branching ratio of B = 36 X 10 3 and has determined limits for the probabilities QelJ and for B LR and B RL (see Sect. 2.2.4). With 2723 events 'the limits for QRL and B RL are only a factor 3.3 less accurate than the limits from normal muon decay [31, 21] , whereas QRR and QLR are by an order of magnitude less accurate. We conclude that a measurement of tha.t decay is very useful due to its high sensitivity to the important decay parameters, but that the very low branching ratio makes it unrealistic to hope for improvements on the knowledge about the decay interaction from this particular decay.
Leptonic Tau Decays
General Remarks
The standard model considers the tau as a heavy muon or as a heavy electron, having its own associated neutrino. We discuss the experiments needed in order to prove that the tau (and its neutrino) shares the same weak interaction as the muon and the electron (and their neutrinos) do. We indicate to what extent the present experiments contribute to answer that question. For general reviews, see Refs. [10, 106, 107] .
Leptonic T decays shall be described by the same Hamiltonian and decay parameters as p decay. They are insensitive to effects of the finite mass of the intermediate vector boson, since the lifetime and the decay parameters are modified by terms of the order of (m.,/mw? ~ 0.5 X 10-3 [108] . Effects of a finite T-neutrino mass m llr are in the order of m~r/m~ [109] . With the present experimental limit of mil" < 31 MeV/~ [110, 111, 112] any possible effect is ~ 0.4 X 10- 
Universality
The universality of the charged weak interaction for the three leptonic decays Jl -+ II p eii e , T -+ lI.,pii p and T -+ lI.,eii e can be checked by testing whether a) the couplings gi p are equal and b) the strength GF is the same.
The Fermi constant GF as the measure of the strength is given by [52] G} = .!. . 
where Tl is the lifetime of the mother lepton l, ml its mass and mi' the mass of the charged daughter lepton. Radiative and higher order corrections have been neglected here. (See also Eq. 2.76). Instead we point out the importance of the so-called low energy parameter TJ for the muonic decay of T [113, 41] , since rnp./rn.,. ~ 1/17. With the allowed range of 1' 7p.1 < lone obtains (3.2) if TJp. is not known! The parameter ' 1p. can be determined either by analyzing the muon momentum distribution or by deriving upper limits for the coupling constants by measuring the decay parameters e~, eP. and 6J.& which will constrain the value of '1",.
We note that the parameter fJ is due to the interference of interactions leading to the same helicities of the leptons in the final state, but to opposite chiralities for the charged leptons p, and e (see Eq. 2.77). Therefore the terms with 1J in the spectrum or the total decay rate r are proportional to the corresponding masses m", or me. With a dominant left-handed vector interaction a scalar interaction could contribute in first order according to ( 
3.3)
If we further assume the coupling to be caused by a charged Higgs particle with a strength proportional to the mass of the charged daughter lepton, then we obtain fJ"'/fJe = m",/me ~ 207. The sensitivity for this kind of scalar coupling would therefore be ~ 43000 times larger for the decay of a T to a p, than for the decay into an electron! We conclude that the measurement of fJ", is of special interest and note that it should be possible to extract a value from existing data (see Sect. 3.3.2).
Measurements
The experimental methods used to measure the observables of leptonic T decays differ from those of p, decay due to several reasons: a) Muons from 7(":1: or K%. decays are strongly polarized due to the weak interaction causing the meson decay. Decay asymmetry experiments then yield the product of the polarization with the asymmetry parameters. T leptons, in contrast, used to be produced in pairs of T+ and T-from colliding e+ and e-beams at energies below the ZO resonance. The T'S are then unpolarized, being produced via electromagnetic interaction. Their spins, however, are correlated [114] so that the asymmetry parameters can be obtained by measuring correlations between the decay products of the two T'S [41, 113] .
Recently T leptons are also produced from ZO decay at the ZO resonance. They are polarized due to the ZO decay, so that again the product of the asynunetry parameters of both decays can be measured [115] .
b) The lifetime of the T is much shorter than the lifetime of the p" because the leptonic decay rate is proportional to m; and because the T lepton can also decay into hadrons. Except when they are produced at threshold the T leptons decay therefore in flight due to their short lifetime, and their decay spectra generally are not measured in the rest system. It is therefore not possible, for example, to stop T'S in matter and let their spins precess in a weak magnetic field to measure the decay asymmetry, because they are not polarized and because they decay before stopping.
Spectrum Shape
The Michel parameter fl is the only decay parameter measured up to date. Earlier measurements left sufficient room for speculation because fle looked systematically smaller than flp. (see Table 3 .1). The latest results [120] , however, agree well with Ue = Up and with the standard model value. One of the difficulties in these experiments in contrast to the measurement of U in muon decay is the correct identification of the tau. In the ARGUS experiment this was done by identifying the accompanying tau through the decays r+ --+ iI.,.1r+1r+1r-and r+ --+ ii.,.1r+1r+1r-1r°. For the energy spectra in the c.m. system the maximum rate is at the highest energies if radiative corrections . , 't'f\ _v.,
: . II. Table 2 .3. From Ref. [120] . t are neglected. Due to the Lorentz transformation the maximum in the laboratory system is shifted to lower energies (see Fig. 3.1.) . In the analysis, fJ = 0 has been assumed. As in p decay the spectrum depends both on f! and fJ, which are correlated (Pef7 = 0.46) [41] . Taking this into account would lead to slightly larger errors. On the other hand it has been shown that 1/p can be determined together with the Michel parameter f!~ with a comparable precision because of the favourable mass ratio of m~/m".. From Eq. 3.1 we see that the measurement of fJ~ is essential for a precise test of universality for the muonic T decay. Implications of f! measurements for the Lorentz structure of the interaction are discussed in Sect. 2.3.2 and in Ref. [42] . There exist many four-fermion interactions, including the purely right-handed one with g~R f:. 0, which lead to fl =3/4. See also 
Decay Asymmetry
The four asymmetry parameters e~, 6~, ee and 6 e can be determined byanalyzing the decay distributions of spin-correlated T pairs. It has been shown that the combined measurement of, for example, the e+ momentum k e , the p-momentum kJ.' and the opening angle iJe~ between the two momenta contains sufficient information not only about fJ and e but also on the asymmetry parameters eand 8 [41, 113] . There the figures of merit Mi were calculated for the decay parameters Xi = f!, 1/,~, eby integration of the distributions R(k e , k~, cos {)el') and S(k e , k~) over phase space for 10 7 events. For uncorrelated decay parameters Xi the error ilXi on the parameter Xi is simply (Jl+ vl'v", )(e-vev".) by numerical inEo [GeV] Eo [GeV] tegration. From Ref. [41, 113] .
is highest for the scalar parameters f!~ and fJp at threshold, while it increases with energy for the pseudo-scalar parameters 61' and ep. However, measurements are possible for all four quantities both at threshold and at higher energy, e.g. at the T resonance.
In a joint analysis of spin-correlated .,+.,-pairs decaying into p±, e%, K% or 1r% the statistical errors were calculated for an ideal detector [41] taking into account the measured branching ratios. For 10 7 ., pairs produced at a c.m. energy of 10.55 GeV the statistical errors are ~l' = 2 x 10-3 , ~1J~ =3x10-3 , ~e = 13 x 10-3 and ~b = 11 x 10-3 • Instead of evaluating with respect to eand 0 it is highly reconunended to use instead the linear combination Qh which is the probability of the., to be right-handed in the decay (see Sect. 2.3.3). Q'R can be determined much more precisely than either eor S alone, because these two parameters are strongly negatively correlated which leads to ~Q'R = 6.7 x 10-3 • Qh is equal to the sum of the squares of five complex coupling constants (see Eq. 2.72) and supposed to be zero in the standard model so that a precise measurement puts upper limits on each of the coupling constants individually.
Muon Polarization
In muon decay the polarization of positrons from stopped muons is measured by annihilation in flight or Bhabha scattering on longitudinally polarized electrons. The analyzing power is rather large for both processes and can be close to one, but the final measured asymmetry is of the order of a few percent because only every fourteenth electron in the magnetized iron foil is polarized. For the decay .,+ -+ ii'TP+'V~ one can use the decay asymmetry of the stopped p+ with the ten-fold higher effective analyzing power of 1/3 ! To perform this kind of experiment one needs outside of the main detector a dedicated polarimeter consisting of several alternating planes of nondepolarizing material like aluminium or marble plates, scintillators and an array of drift tubes or proportional chambers to measure the direction of the muons and their decay positrons. The stopped muons would precess in a small magnetic field B ~ 6 mT which should be tangentia.l to the (assumed) cylindrical surface of the main detector. By measuring the time distribution of the decay one can derive the decay asymmetry and from this the longitudinal polarization of the muon.
Such a measurement has been performed at muon momenta of 16 GeV/ c for the reaction iipFe -.. Xp.+ [121] where the chirality transfer from the ii~ onto the p.+ was measured. There by detecting 3400 events a statistical error on the p.+ polarization of 20% was reached. Using this result the presumable statistical error which could be reached in a B meson factory for 10 7 produced., pairs was estimated to 15% [122] . According to Eq. 2.73 this corresponds to an error of 7.5 % for Q'R which is the probability for the p, to be right-handed in T decay and allows one to put upper limits to Ig~l, Igt-I, Ig~l, Ig~1 and Igt,1 simultaneously. With this very important measurement one can get information about three types of interactions not accessible by the asymmetry measurement and put upper limits on any type of interaction where the right-handed component of the ., takes part in leptonic ., decays.
